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ICP-MS is ideal for determining
metallic ion species for health and
environmental applications.

The measurement of metals in environmental, clinical, and
industrial matrices is well established and can provide
information on toxicity, nutrition, and materials quality,

respectively, as well as other important parameters. But does the
total metal content of each element give us enough information
to make decisions on metabolism, bioavailability, and mobility in
the environment or human body? Speciated analysis—describing
the metal content in terms of valence state or organic compound—
can provide additional information that can be used to more
completely understand the action of metals in our world.

Although it would seem to be obvious that having more infor-
mation is better than having less, two main factors have limited
progress in this area: detection limits and sample preservation.
Detection limits are important because when the total metal content
is separated into measurements of each species, there is less of each
to measure. Because the total content is often small to start with,
low detection limits are necessary to measure most real samples.

Detection limits have been improving over the years for most
metal measurement techniques; however, the use of inductively
coupled plasma mass spectrometry (ICP-MS) has proven to be
especially beneficial for this type of analysis. Besides its ability
to measure many elements in the periodic table at ultratrace levels,

ICP-MS is a continuous technique, making it compatible with
most other separation techniques. Moreover, combining advanced
forms of interference reduction, such as the Dynamic Reaction
Cell, with conventional ICP-MS further lowers detection limits.
This also adds flexibility when optimizing separations using
buffers or other potential interferents.

Sample Prep
Sample preservation has been a problem since speciation was first
considered. Different species are often present in an equilibri-
um state, and any chemical added for dissolution or as a preser-
vative can cause that equilibrium to shift. Samples containing
high levels of matrix (e.g., wastewater and soil) provide the great-
est challenge because in order to extract metals from the medi-
um, samples are usually leached in hot acid. Such treatment can
change the species distribution of the elements of interest, mean-
ing that the species detected may not be in the same form as
existed in the original sample. For example, the presence of acid
reduces hexavalent chromium to the trivalent form. Although
some progress has been made in preserving and preparing samples,
samples requiring less preparation, such as drinking water,
natural waters, or some wastewaters, provide more accurate results.

In spite of these limitations, much progress has been made.
In the past decade, 350–400 papers have been published each
year on speciation (Figure 1).

What drives this market? First are regulations requiring envi-
ronmental measurement of species, the best known being chromi-
um +3 (Cr+3) and chromium +6 (Cr+6) in some industrial waste-

SPECIATED 
INORGANIC 

ANALYSIS

Zoe A. Grosser and Kenneth Neubauer



water categories. Cr+6 is highly toxic, whereas Cr+3 is an essen-
tial nutrient. Second are research needs, such as understanding
how medications work and how to make them work better.
Although the market for speciation has been developing for many
years and the analysis is becoming more routinely applied, it is
by no means mature. We will discuss a few recent publications
to give you a feel for how these measurements can be useful.

NHANES and CDC
The Centers for Disease Control and Prevention (CDC) routine-
ly publishes information on a large study to characterize the U.S.
population’s exposure to environmental chemicals, known as the
National Health and Nutrition Examination Survey (NHANES)
(www.cdc.gov/nceh/dls/report). One goal of this study is to expand
the information collected to include additional elements and metal
species. The CDC has developed an HPLC/ICP-MS analysis to
examine seven species of arsenic in urine, ranging from the more
toxic arsenic(III) to the nontoxic arsenobetaine (1). The metabo-
lite species detected can help indicate the original source of expo-
sure. For example, arsenobetaine is the main form of arsenic in
fish and is excreted from humans in that form. If analysis of total
arsenic is performed, an erroneous assumption might be made of
exposure to a more toxic form of arsenic. Biomonitoring over the
long term can help characterize current exposure and identify
where and when a change takes place.

Research groups at Ghent University in Belgium have taken
this a step further to look at urine and blood to track arsenic
species after the ingestion of Chinese seaweed (2). They have
examined the metabolism of arsenic sugars in the stomach, the
gastrointestinal tract, blood, and urine and positively identified
several metabolites in urine using HPLC-ES-MS/MS (electro-
spray ionization tandem mass spectrometry). The metabolites
may be more toxic than the original ingested compounds in this
case. It may be difficult to identify the compounds responsible
for the chromatographic peaks observed, and standards may not

be available for easy comparison. The use of complementary tech-
niques is growing in the quest to understand speciation results.
A recent article in Analytical Chemistry summarizes current
progress on further determining the mechanism of arsenic metab-
olism arising from various forms of ingested arsenic (3).

Ever since Erin Brockovich investigated Cr+6 contamination
in the groundwater serving Hinkley, CA, speciation has become
increasingly important in studies of drinking water. Interest in
Cr+6 continues today, as the general public in Glendale, CA,
protests the level of chromium in their drinking water. In that
community, the total chromium content is below the regulated
maximum contaminant level but is mostly composed of the more
toxic Cr+6. Chang and Jiang have demonstrated the detection of
chromium species at very low levels, with detection limits close
to 0.06 ng/mL, using HPLC/ICP-MS (4; Figure 2). They used
a Dynamic Reaction Cell ICP-MS with ammonia as the reac-
tion gas to remove isobaric interferences from ArC+, ClOH+,
ClO+, and ArCH+ at masses of 52 and 53 (the major chromi-
um isotopes), thus allowing lower detection limits to be achieved.

Offending Ions
Speciation is also becoming important in understanding and
tracking environmental contamination. Selenium species may
vary depending on the pollution source and can be distinguished
from naturally occurring species. Wallschläger and Roehl described
the separation and quantification of three selenium compounds
in estuarial water and identified SeCN as the species resulting
from petrochemical or mining contamination (5). Ion chro-
matography with a membrane suppressor was used to minimize
the effects of salt and dissolved solids on ICP-MS by exchang-
ing the offending anions, such as carbonate or hydroxide, for
more compatible species.
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Inductively coupled plasma mass spectrometry (ICP-MS) is one of
several atomic spectroscopy techniques devoted to metals measure-
ment.Another technique, ICP-OES (optical emission spectrometry), has
been around longer. In ICP-OES, the ICP is a very hot source with a
temperature of ~7000 K that desolvates and vaporizes the sample.
The metal atoms are then atomized and promoted to an excited atom-
ic or ionic state. When they return to lower atomic states, light is
released and the wavelength and intensity are measured against
calibration standards, identifying the element and concentration.

ICP-MS is similar to ICP-OES in that it desolvates and vaporizes
the sample.The metal atoms are then ionized.The ions are the desired
product, rather than light, and are channeled into the mass spec-
trometer. The mass spectrum of metallic components is fairly simple
compared with an organic mass spectrum, although some isobaric
interferences may occur due to plasma or matrix components. Many
elements have more than one isotope, allowing for special applica-
tions, such as isotope dilution or isotope ratio analysis. The detection
limits that can be achieved with ICP-MS are much better for many
elements than can be achieved with ICP-OES.

ICP-MS
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Figure 1. Elements examined in research papers in 2001. The top four
elements represent almost 60% of the publications for that year and have only
slightly changed over the past 20 years of research. These top elements have
differing toxicity for the major species of interest.



A recent U.S. water criteria ruling informed the public of a
new maximum concentration recommended for tributyltin
(TBT), which is toxic to marine life (6). Used in antifouling
paints, TBT prevents barnacles from attaching to the hulls of
marine vessels. However, the paint slowly releases TBT to the
water, thus adversely affecting marine organ-
isms. Over the years, TBT determination has
been done with various instrument configu-
rations, including gas chromatography with
atomic emission detection (GC-AED), GC/
ICP-MS, and HPLC/ICP-MS. GC, although
very sensitive, requires derivatization of the
tin species before injection in order to create
volatile compounds. HPLC analysis does
not require derivatization and is coupled with
a species-specific isotope dilution procedure
to yield an absolute method for determining
TBT in a sediment reference material (7).

Bioavailability is important for assessing
the toxicity of cancer treatment drugs that are extremely toxic at
levels higher than necessary to do their intended job. Lobinski’s
lab worked with a pharmaceutical company to explore the sepa-
ration and measurement of Pt compounds in human plasma to
distinguish the true concentration of the pharmacologically active
agent among related compounds (8). Because the dosage of the
drug was lower than those of previous Pt-based compounds, care-
ful optimization of the detection parameters was required. The
detection limit of 0.15 ng/mL Pt is claimed to be the lowest
ever reported.

Bioavailability is also important in food contamination.
Mounicou et al. discuss the bioavailability of Cd and Pb in cocoa,
a component of many beverages and foods (9). Cocoa grown in
various locations around the world varies in metal contamina-
tion but can far exceed the limits set by some European coun-
tries for the total measurement. To simulate human exposure to
metal contaminants after consuming cocoa, reseachers have used
a variety of extraction procedures: simulated gastric conditions,

water, protein, and polysaccharide solutions. The resulting size
exclusion separation of the extracted species and ICP-MS detec-
tion showed that up to 30% of Cd and 90% of Pb were bound
into stable complexes during the digestion process, thus making
them unavailable to the body. Extractions mimicking natural

processes as a sample preparation step elimi-
nated the usual difficulties in preparing solid
samples for a speciated analysis.

The Future
Speciation will become more important as
researchers, regulators, and the general labo-
ratory community begin to see such analyses
generating useful, reproducible information.
An ICP-mass spectrometer, with its speed and
multielement capabilities, will be a mainstay
in these analyses. In environmental monitor-
ing, using standard U.S. Environmental
Protection Agency sample preparation proce-

dure method 1311, Toxic Characteristic Leaching Procedure
(www.epa.gov/epaoswer/hazwaste/test/pdfs/1311.pdf ), researchers
have been able to demonstrate the simultaneous separation and
measurement of both arsenic and selenium species in fly ash (10).
In another developing environmental method, arsenic and
chromium ionic species have been chromatographically separat-
ed in less than 2 min on a fast HPLC column, and then deter-
mined (11). This optimization will continue as the species of
importance are defined for different matrices and move into more
routine analysis.

The January 2004 issue of the Journal of Analytical Atomic
Spectroscopy was devoted to speciation analysis in the life sciences.
New areas of exploration are open to collaborative efforts between
traditional inorganic analyses and life science measurements in
understanding metallobiomolecules. Not only is ICP-MS a crucial
technique in these studies, but coupled with information from
electrospray and matrix-assisted laser desorption ionization-MS,
it can provide a more complete picture of complex atomic and
molecular biological processes.
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Figure 2. ICP-MS speciation. The essential nutrient Cr+3 can be readily
separated from the toxic Cr+6, and both can be detected at extremely low
levels using ICP-MS. (Adapted from Ref. 4.)

An ICP-mass
spectrometer,
with its speed 
and multielement
capabilities, will 
be a mainstay in 
these analyses.


